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Summary
Auxin regulates most aspects of flowering-plant growth and
development, including key developmental innovations that
evolved within the vascular plant lineage after diverging
from a bryophyte-like ancestor nearly 500 million years ago
[1–3]. Recent studies in Arabidopsis indicate that auxin
acts by directly binding the TIR1 subunit of the SCFTIR1 ubiq-
uitin ligase; this binding results in degradation of the Aux/
IAA transcriptional repressors and de-repression of auxin-
responsive genes [4–9]. Little is known, however, about
the mechanism of auxin action in other plants. To charac-
terize auxin signaling in a nonflowering plant, we utilized
the genetically tractable moss Physcomitrella patens.
We used a candidate-gene approach to show that previously
identified auxin-resistant mutants of P. patens harbor muta-
tions inAux/IAA genes. Furthermore, we show that themoss
Aux/IAA proteins interact with Arabidopsis TIR1 moss
homologs called PpAFB and that a reduction in PpAFB
levels results in a phenotype similar to that of the auxin-
resistant mutants. Our results indicate that the molecular
mechanism of auxin perception is conserved in land plants
despite vast differences in the role auxin plays in different
plant lineages.
Results and Discussion
Little is known about auxin signaling outside of Arabidopsis.
However, a wide range of streptophyte plants and algae are
known to produce and respond to the predominant natural
auxin, indole-3-acetic acid (IAA), suggesting that some
components of an auxin signaling pathway may be conserved
[10]. In addition, the genome of the moss Physcomitrella
patens encodes proteins that are homologous to auxin
signaling proteins in flowering plants [11, 12]. A collection of
N-methyl-N0-nitro-N-nitrosoguanidine-induced mutants of
Physcomitrella patens was previously identified and charac-
terized on the basis of their resistance to a synthetic auxin,
1-naphthalene-acetic acid (NAA) [13]. Wild-type moss spores
germinate to form chloroplast-rich chloronemal cells. At high
density and/or when nutrients are depleted, these cells may
divide to form the more elongated caulonemal cells, which in
turn produce bud initials that will develop into leafy gameto-
phores rooted by brown-pigmented rhizoid filaments [13].
Exogenous auxins accelerate the chloronema-to-caulonema
transition and convert most gametophore tissues to rhizoid-*Correspondence: mestelle@ucsd.edulike cells. The naa-resistant (nar) mutants are either arrested
at the primary chloronemal stage or delayed in the chloro-
nema-to-caulonema transition (Figures 1C–1F). Additionally,
relative to wild-type strains, the mutants produce few or no
rhizoid cells whether they undergo NAA treatment or not [13].
Leafy gametophores fail to form in the more severe mutants
except, in some cases, when they are culturedwith exogenous
cytokinins and low-fluence red light [14, 15].
The moss genome contains a number of genes that are
homologous to auxin signaling genes identified inArabidopsis.
Such homologs include four genes encoding TIR1/AFB
proteins and three encoding Aux/IAA proteins (Figures S1C
and S2B) [12, 16]. Phylogenetic analysis demonstrates that
the Aux/IAA proteins from seed plants aremore closely related
to each other than to themoss proteins (Figure S1A). Themoss
Aux/IAAs all have the four conserved domains that are charac-
teristic of this group of proteins [17] (Figures 1A and S1C).
However, there are some differences. Domain I, implicated in
transcriptional repressions, includes three invariant leucine
residues (LXLXL) in 28 out of the 29 Arabidopsis Aux/IAAs
[18]. In the moss proteins, the third L residue is replaced by
a proline [11]. In addition, the moss Aux/IAAs are larger than
the seed plant proteins; they have an N-terminal extension
and additional residues between domains I and II. The signifi-
cance of these differences is unknown.
Reasoning that some of the narmutants might be affected in
these genes, we sequenced the AFB and Aux/IAA genes from
17 mutants. None of the mutants carried mutations in the AFB
genes. However, we found that the seven mutants with the
strongest phenotype plus one with an intermediate phenotype
each harbored lesions in the degron motif of one of the three
moss Aux/IAA genes (Figure 1A). Four of these mutants
(ppiaa1A-113, ppiaa1B-91, ppiaa1B-112, and ppiaa2-87) had
been previously assayed and found to be dominant or semi-
dominant [13]. The mutations are directly comparable to the
dominant mutations found in various Arabidopsis Aux/IAA
mutants. The seven strong alleles result in proline-to-serine
substitution at one of the two proline residues in the VGWPPV
degron motif, whereas the weaker ppiaa2-250 allele causes
a glycine-to-serine substitution in the same motif. Interest-
ingly, two Arabidopsis mutants that affect the same residue
of the corresponding proteins, shy2-3 and axr3-101, also
exhibit relatively weak phenotypes [19, 20].
To date, at least twenty-four comparable degron-motif
mutations have been identified in ten of the 29 Arabidopsis
Aux/IAA genes (compiled in [21]). Such mutations prevent
recognition by the SCFTIR1/AFB ubiquitin ligase and result in
stabilization of the repressor and decreased auxin-regulated
gene expression [22, 23].
Loss-of-function suppressor alleles and revertants of
a degron mutation provide additional evidence that the muta-
tions in the degron motif caused the observed phenotypes.
ppiaa1B-112 and ppiaa2-87 suppressor mutants capable of
forming leafy gametophores were isolated after exposure to
ultraviolet irradiation (Figures 1H and 1J). In addition, the
suppressor mutations restored the responses to exogenous
NAA and the cytokinin 6-benzylaminopurine (BAP) to nearly
wild-type levels (Figure S1E). In 21 such suppressors, we
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Figure 1. Mutations in the Degron motifs of the
PpIAA Genes Impair Auxin Response and Devel-
opmental Transitions
(A) Diagram of the PpIAA proteins showing the
positions of domains I, KR, II, III, and IV. The
sequences of the degron motif of wild-type and
mutant PpIAA proteins are shown.
(B–F) Phenotypes of wild-type (pabB4) and ppiaa
mutants. The leftmicrograph in each panel shows
the differentiation of green chloronema cells
(Ch in panel C) to less pigmented caulonema cells
(Ca in panel B) occurs only in wild-type and the
weak ppiaa2-250 after eight days of subculture.
The photographs to the right in each panel
show the phenotypes of wild-type and mutants
after 1 month on BCD media (upper) and BCD
media supplemented with 1 mM NAA (lower).
(G–J) Phenotypes of two representative sup-
pressor mutants with their respective parental
strains after 33 days of growth.
The black scale bar in (B) represents 300 mm, and
the white scale bars in (B) and (J) represent 3mm.
See also Figure S1.
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1908identified sequence changes in the gene harboring the degron
mutation: nine had premature stop codons, four had missense
mutations, one had amutated intron-splice-donor site, and the
remaining seven, all in the ppiaa1B-112 background, had
reversions resulting in wild-type degron motifs (Figure S1C).
The higher rate of reversions of the ppiaa1B-112 mutation is
likely due to gene conversion with its paralog, PpIAA1A
(Figure S1D).
The moss genome encodes four closely related TIR1 homo-
logs we have called PpAFB1 through PpAFB4 plus two slightly
more distantly related homologs from a lineage not present in
angiosperms [16] (Figure S2B). To determine if PpAFBproteins
function in auxin response we first used transient RNAi [24] to
knockdown PpAFB and PpXFB levels. Silencing of all four
PpAFB genes resulted in suppression of caulonema differenti-
ation comparable to the ppiaa degron mutants (Figure 2C).
Knocking down the PpXFB genes did not result in obvious
phenotypes, and targeting all six PpAFB and PpXFB genes
resulted in phenotypes indistinguishable from those of the
ppafb RNAi transformants (Figures 2D and 2E). While control
transformants produced a higher proportion of caulonemal
cells when grown on media with 1 mM NAA (Figure 2F), NAA
had no effect on the phenotypes of ppafb and ppafb/ppxfb
RNAi transformants (Figure 2G and data not shown). Taken
together, these results indicate that auxin signaling in chloro-
nematal cells is mediated primarily through the PpAFB
proteins.
To determine whether the PpIAA and PpAFB proteins func-
tion as auxin coreceptors, we first askedwhether we could use
a yeast two-hybrid assay to assess the interaction betweenthese two groups of proteins. The
results in Figures 3A and 3B show that
assembly of the AtTIR1-IAA-AtIAA7
complex occurs in yeast and is auxin
dependent. We performed a similar
analysis with the moss proteins. Fig-
ure 3C shows that both PpIAA1B and
PpIAA2 interact with PpAFB2 and
PpAFB4 in the presence of the auxins
IAA or NAA. In contrast, the interaction
between the mutant moss Aux/IAAproteins and PpAFB4 is either absent in the case of ppiaa2-
87 and ppiaa2-183, or dramatically reduced in the case of
ppiaa2-250 (Figure 3D). Thus, the phenotypically strong
ppiaa2 mutations abolish the interaction, whereas the weaker
ppiaa2-250 mutation results in an intermediate interaction in
the yeast two-hybrid assay (Figure 3D).
To confirm the results of the yeast two-hybrid experiments,
we also performed in vitro pull-down experiments with a GST-
PpIAA1B fusion protein purified from E. coli in the presence of
in-vitro-translated c-Myc-tagged PpAFB4. As positive
controls we also performed pull-down assays with GST-
AtIAA3 and cMyc-AtTIR1. As expected, IAA stimulated the
interaction between the two Arabidopsis proteins (Figure 3E).
In addition, IAA noticeably enhanced the interaction between
GST-PpIAA1B and c-Myc-PpAFB4. These results are consis-
tent with the proposal that themoss Aux/IAA and AFB proteins
function as auxin coreceptors.
In angiosperms, auxin treatment results in the rapid induc-
tion of a large number of genes, including the Aux/IAA genes,
the SAUR genes, and someGH3 genes. Previous studies have
shown that the soybean GH3.1 and the synthetic DR5
promoters are activated in moss after 24 hr. In addition,
expression of one or both of the PpIAA1 genes is increased
within 24 hr of NAA treatment [25]. To further investigate auxin
regulation of the PpIAA genes, we performed RT-PCR experi-
ments by using RNA isolated from NAA-treated protonema.
The results in Figure S3 show that NAA stimulates transcrip-
tion of all three Aux/IAA genes within 1 hr. These results indi-
cate that, as for other plants, auxin causes rapid changes in
gene expression.
Figure 2. Silencing of the PpAFB Genes Results in a Phenotype Similar to
that of the ppiaa Mutants
(A) NLS4 strain expressing a nuclear-localized GFP-GUS fusion protein.
(B–E) Twelve-day-old NLS4 transformants grown on BCD media after tran-
formation with plasmids targetting the GFP-GUS fusion gene (B), all four
PpAFB genes (C), both PpXFB genes (D), and the PpAFB and PpXFB genes
(E).
(F–G) Twelve-day-old NLS4 transformants grown on BCD media with 1 mM
NAA after transformation with the plasmids targeting the GFP-GUS trans-
gene (F) or the PpAFB genes (G).
Each image is a merge of chlorophyll autofluorescence (red) and GFP fluo-
rescence (green). The scale bar represents 300 mm. See also Figure S2.
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1909Because the Arabidopsis degron mutations result in the
production of stabilized Aux/IAA repressor proteins, we as-
sayed the expression of these genes in mutant protonemata.
Expression of all three PpIAA genes was significantly reducedin the strong mutants relative to that in wild-type regardless of
treatment (Figure 4; see also Figure S3). In addition, the
expression of two SAUR genes was also found to be depen-
dent on wild-type copies of the degron motif, although their
expression in wild-type tissue was either slightly increased
or slightly reduced after NAA treatment in two independent
experiments (Figure 4; see also Figure S3). The expression of
all five genes in the weak ppiaa2-250mutant was intermediate
between those of the wild-type and strong mutant lines. There
have been conflicting reports regarding the auxin responsive-
ness of mossGH3 gene expression [25, 26], and we found that
neither NAA treatment nor the ppiaa mutations had dramatic
effects on PpGH3 expression in our conditions, suggesting
that any responsiveness to auxin is probably indirect
(Figure S3).
Auxin and other phytohormones—including cytokinins,
gibberellins, ethylene, brassinosteroids, and abscisic acid—
regulate a wide range of growth processes in angiosperms,
and crosstalk between the hormone signaling pathways is an
important aspect of this regulation. On the basis of responses
to applied hormone aswell as phylogenetic analyses, cytokinin
and abscisic acid signaling pathways appear to be similar in
moss and angiospermplants [12, 27, 28]. In addition, the genes
of the ethylene signaling pathway appear to be conserved in
moss [12]. Conversely, phylogenetic and genetic studies indi-
cate that the gibberellin pathway [29, 30] is not conserved in
moss. It is not presently clear how much crosstalk exists
between the hormone signaling pathways in moss. It has
been reported previously that the abnormal phenotypes of
some nar strains, shown here to possess strong mutations in
PpIAA1A (ppiaa1A-113), PpIAA1B (ppiaa1B-91 and ppiaa1B-
112), orPpIAA2 (ppiaa2-87), are partially restored by low levels
of exogenous cytokinin if the strains are cultured in low-fluence
red light [14, 15]. This suppression may be partly explained by
the light conditions because CRYPTOCHROME-mediated
blue-light signaling normally attenuates auxin signaling [25].
However, the additional requirement for exogenous cytokinins
indicates that an interaction between these two hormone path-
ways occurs in moss as in seed plants.
In angiosperms, classic experiments demonstrated that
auxin and cytokinin have antagonistic activity during root
and shoot development [31]. Recent studies in Arabidopsis
indicate that one aspect of this relationship involves cytokinin
regulation of the Aux/IAA gene IAA3/SHY2 [32]. To determine
whether this aspect of hormone interaction is present in
moss, we assayed the expression of the PpIAA and SAUR
genes in response to BAP treatment in the wild-type and ppiaa
strains (Figure 4). BAP treatment resulted in increased PpIAA
gene expression, suggesting that this regulatory loop might
be ancient. Furthermore, BAP induction of the PpIAA genes
was absent in the ppiaamutants, indicating that the response
requires the auxin-signaling pathway. In contrast, BAP
represses expression of the SAUR genes, although the ppiaa
degron mutants severely inhibit expression of these genes,
illustrating the complexity of these interactions.
In Arabidopsis the type-A response regulator (ARR) genes
are direct targets of cytokinin signaling [33]. Similarly, we
found that the moss PpRR10 gene responded to BAP treat-
ment (Figure 4). Paradoxically, expression of this gene was
repressed both in the ppiaa degron mutants and in wild-type
tissue treated with NAA. From these results, it is clear that
there is significant crosstalk between the two signaling path-
ways, but the mechanism and biological role of this interaction
will require further studies.
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Figure 3. TIR1/AFB Proteins Interact with Aux/IAA Proteins in an Auxin-Dependant Manner
(A–D) Yeast two-hybrid experiments with lacZ reporter grown for 36–48 hr. The interaction between the BD-AtTIR1 and AD-AtIAA7 fusion proteins was facil-
itated by the natural auxin IAA (A) and by the synthetic auxin NAA (B). (C) BD-fused TIR1/AFB proteins from both Arabidopsis and P. patens interacted with
AD-fused Aux/IAA proteins from both Arabidopsis and P. patens in the presence of 50 mM IAA or 50 mM NAA. (D) Mutations corresponding to the strong
ppiaa2 alleles abolished the interaction with PpAFB4, whereas the mutation corresponding to the weak ppiaa2-250 allele reduced the interaction.
(E) In-vitro-translated TIR1/AFB proteins from both Arabidopsis and P. patens interacted with purified GST-AtIAA3 (top panels) and GST-PpIAA1B (lower
panels). For both experiments, the Ponceau-S-stained GST-IAA protein is shown below the immunoblot for c-Myc-TIR1/AFB detection. Both experiments
were carried out at least three times with similar results. + and – indicate the presence and absence, respectively, of 50 mM IAA.
See also Figure S3.
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1910Many of the developmental processes regulated by auxin in
flowering plants (e.g., root development, leaf development,
and shoot branching) evolved after bryophytes split from the
lineage leading to flowering plants, suggesting that the
auxin-signaling module has been co-opted multiple times in
plant evolution. The dependence of moss rhizoid development
on auxin signaling [13, 34] probably represents an ancient role
given the involvement of auxin in rhizoid development in many
earlier-diverging streptophyte plants, including Chara and
liverworts [35–37]. It has recently been proposed that root
hairs of flowering plants are homologous to rhizoids on the
basis of the finding that a class of basic-helix-loop-helix tran-
scription factors regulates rhizoid cell development in
P. patens and hair cell development in Arabidopsis [38]. This
hypothesis is consistent with a role for auxin in promoting
growth of both of these cell types. The role of auxin in the
chloronema-to-caulonema transition in moss may have been
co-opted within the moss lineage (possibly as an extension
of the rhizoid cell differentiation mechanism) because other
bryophytes and early-diverging moss lineages such as Taka-
kia appear to lack comparable protonematal developmental
stages [39].
It is likely that auxin played an important role in the
evolution of land-plant development. Our results show that
the basic auxin-perception mechanism is conserved in highly
divergent land plants and help delineate the timeline by
which the auxin-signaling module has been co-opted for
developmental processes as land plants radiated. This work
illustrates the usefulness of moss as a model system for
the study of basic auxin-signaling mechanisms. In addition,
a better understanding of auxin action in two highly divergent
plants will allows us to formulate novel hypotheses concerning
the role of this important regulator in the evolution of land
plants.Experimental Procedures
Moss Strains and Growth Conditions
Wild-type ‘Gransden-2004’ was obtained from Dr. Ralph S. Quatrano
(Washington University). The strains NAR-34 (ppiaa1B-34), NAR-87
(ppiaa2-87 thi-1), NAR-91 (ppiaa1B-91 thi-1), NAR-112 (ppiaa1B-112
pabA3), NAR-113 (ppiaa1A-113 pabA3), NAR-183 (ppiaa2-183 pabA3),
NAR-246 (ppiaa1A-246 thi-1), NAR-250 (ppiaa2-250), and pabB4 were
described previously [13, 40]. Aseptic spot cultures were grown at 25C
under a 20:4 hr light:dark schedule on BCD media supplemented with
1.8 mM para-aminobenzoic acid and 1.5 mM thiamine [41]. Ammonium
tartrate (5 mM; BCDAT), NAA, and 6-benzylaminopurine (BAP) were added
where specified.
Supplemental Information
Supplemental Information includes Supplemental Experimental Procedures
and three figures and can be found with this article online at doi:10.1016/j.
cub.2010.08.050.
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